The aims of the present work were to synthesise two functionalized graphene oxides, namely, diazo pyridine functionalized graphene oxide (DAZP-GO) and diamino pyridine functionalized graphene oxide (DAMP-GO), and to evaluate them as corrosion inhibitors on mild steel in 1 M hydrochloric acid. Electrochemical studies reveal that the inhibition efficiencies of both of the tested functionalized graphene oxides were enhanced with increasing concentration and the maximum inhibition efficiencies of 95.08% and 96.73% were obtained for DAMP-GO and DAZP-GO, respectively, at a concentration as low as 25 mg L À1 . A potentiodynamic polarization study suggests that both DAZP-GO and DAMP-GO act as mixed type inhibitors with a slight cathodic predominance. The formation of a protective film on the mild steel surface was confirmed using scanning electron microscope, energy dispersive X-ray spectroscopy, atomic force microscopy and X-ray photoelectron spectroscopy techniques. Dynamic functional theory parameters such as E HOMO , E LUMO , energy band gap (DE), electronegativity (c), hardness (h), softness (s) and a fraction of electron transfer (DN) were calculated to support the experimental results.
Introduction
Corrosion is a destructive phenomenon that results in huge economic losses and many safety issues. [1] [2] [3] The global cost of corrosion is estimated to be $2.5 trillion (USD) which is approximately equivalent to 3.4% of the total Gross Domestic Product (GDP). 4, 5 A signicant amount of this cost, approximately 15-35%, could be avoided by implementing suitable anti-corrosion technology. Among the available methods of corrosion control, the use of corrosion inhibitors is one of the most popular methods because of its cost-effectiveness and ease of application. 6, 7 Organic compounds with heteroatoms have been reported as potential corrosion inhibitors for metallic corrosion. [8] [9] [10] However, because of their toxicity and thermal instability in an acid medium, they are not very useful for practical applications. [11] [12] [13] Recently graphene derivatives have been reported as anticorrosive coating materials for marine and other corrosive environments because of their various unique properties such as high surface area, chemical resistance, thermal and electrical conductivity, enhanced mechanical strength, high level of impermeability and hydrophobicity. [14] [15] [16] [17] [18] [19] [20] [21] It is documented in the literature that the graphene is insoluble in an aqueous medium because of the lack of functional groups and therefore they are used as anti-coating materials only. 15, 16 However, graphene oxide (GO) and functionalized GOs could act as good corrosion inhibitors in the solution phase because of the presence of various oxygen (O)-containing functional groups such as hydroxyls, epoxides, carboxyl and carbonyl on their surfaces. [17] [18] [19] In view of this observation, two functionalized GOs were synthesized, diazo pyridine functionalized graphene oxide (DAZP-GO) and diamino pyridine functionalized graphene oxide (DAMP-GO), to study their corrosion inhibition behavior on mild steel in 1 M hydrochloric acid (HCl) solution using experimental and dynamic functional theory (DFT) methods.
2.2. Procedure for synthesis of inhibitors 2.2.1. Synthesis of diaminopyridine functionalized graphene oxide (DAMP-GO). In the present investigation, GO was synthesized using crystalline graphite powder and the modied Hummers' method. 22 For synthesizing the DAMP-GO composite, GO solution (10 mL) was dissolved in double distilled water (100 mL), and then mixed ultrasonically for 1 h to obtain a homogeneous solution. To this solution, 500 mg of DAP was added at 50 C for 1 h, and then mixed ultrasonically for 90 min and then the temperature was gradually elevated to 80 C with constant stirring for 4 h. The crude product was puried using ltration, and the residue was washed with copious amounts of water, ethanol and nally dried under vacuum at 60 C for 24 h. 22, 23 2.2.2. Synthesis of diazopyridine functionalized graphene oxide (DAZP-GO). Synthesis of DAZP-GO involved two-steps, rstly diazotization was performed followed by the coupling of the diazopyridine compound with GO. For the diazotization, DAP (500 mg) was dissolved in 2 mL of distilled water at 50 C and concentrated HCl (35%, 2 mL) was added dropwise under constant stirring to obtain a clear solution. The resulting solution was cooled to 2 C, and NaNO 2 solution (420 mg, 2 mL) was added dropwise (to keep the temperature at 2 C). 24, 25 In order to complete the diazotization process, the resulting mixture was stirred at 2 C for 1 h, and then urea was added to this mixture to remove the excess nitrous acid (HNO 2 ).
For the coupling of diazopyridine with GO, a homogenous solution of GO in 10 mL of water was made by mixing the solution ultrasonically for 1 h. To this solution, 25 mL of 2% NaOH was added dropwise and then stirred for 2 h. To this solution, diazonium salt solution was added dropwise at such a rate that the pH of the resulting solution remained constant at 9 and the temperature of the solution did not exceed 2 C. Aer the reaction was complete, the pH of the reaction mixture was reduced to 7 and the crude product was then washed with double distilled water, methanol and dried at 80 C under vacuum. 24, 25 Scheme 1 shows the synthesis of functionalized GOs.
Materials and measurements
2.3.1. Materials. The working electrode used in all the experiments were performed with the mild steel specimens with a composition (wt%) of: carbon (C, 0.076), phosphorus (0.012), manganese (0.192), chromium (0.050), silica (0.026), aluminum (0.023), and iron (Fe, 99.41). The test solution was prepared by diluting analytical grade HCl (AR grade; 37% from Merck) in double deionized water. Before the experiments, these specimens were abraded with emery paper of several grades (600-1200 mesh size), washed with water, degreased (in acetone), dried in a hot air oven and stored in moisture free desiccators.
2.3.2. Physicochemical measurements. The synthesized GOs and their composites were characterized using powder Xray diffraction (XRD) measurements with a Rigaku highresolution (HR)-XRD (SmartLab, 9 kW power) with Cu K a radiation (l ¼ 1.5406Å) and a nickel lter. Fourier transforminfrared (FT-IR) spectroscopic measurements were made using a PerkinElmer spectrometer (Spectrum 100). Raman spectra were obtained with a Renishaw confocal Raman spectrometer (inVia) equipped with a diode pumped solid state laser of wavelength 532 nm. The Raman scattered light was collected using backscattering geometry with a slit width of 50 mm. X-ray photoelectron spectroscopy (XPS) analysis was carried out, using Mg Ka (1253.6 eV) radiation as the source of the X-rays, with a Kratos Analytical spectrometer (Amicus).
2.3.3. Electrochemical measurements. The electrochemical analysis was performed using the Gamry Potentiostat/ Galvanostat (Series G 300) which consists of the Gamry Echem Analyst 5.0 soware for tting, simulating and analyzing the Nyquist plots. Similar to our previous investigations, 26, 27 the mild steel specimens with exposed area of 1 cm 2 , saturated calomel and pure platinum were as working electrode (WE), reference electrode (RE) and counter electrode (CE), respectively for all electrochemical measurements. All the electrochemical measurements were performed in triplicate in order to ensure the reproducibility of the results. The experiments were carried out aer 30 min immersion time in order to establish the open circuit potential. A potentiodynamic polarization study was carried out by recording the Tafel slopes in the absence and presence of several concentrations of both inhibitors by varying the WE potentials from À0.25 to +0.25 V versus the corrosion potential (E corr ) at a continual sweep rate of 1.0 mV s À1 . These Tafel slopes were extrapolated to derive corrosion current densities (i corr ) for inhibited and uninhibited metallic specimens. The inhibition efficiency at different concentrations of inhibitors was determined using relationships given next: 26, 27 h%
where, i 0 corr and i i corr represent corrosion current densities without and with inhibitors, respectively. The electrochemical impedance spectroscopy (EIS) measurements were carried out in the frequency range of 100 kHz to 0.01 Hz by using AC having an amplitude of 10 mV peak to peak. The Nyquist plots of inhibited and uninhibited specimens were tted to a suitable circuit to obtain charge transfer resistance and using that, the percentage inhibition (h%) performance was calculated as follows: 26, 27 h%
where, R 0 ct and R i ct represent transfer resistances for uninhibited and inhibited metallic specimens, respectively.
2.3.4. Surface measurements. The properly cleaned metallic specimens were permitted to corrode for 3 h in the absence and presence of an optimum concentration of both of the inhibitors before scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDX) and atomic force microscopy (AFM) analyses were carried out. Aer 3 h, the specimens were washed with double distilled water, dried in a hot air oven and nally analyzed using SEM-EDX and AFM methods. The SEM-EDX analyses were carried out using a Carl Zeiss SEM (Evo 50 XVP) instrument at 500Â magnication, whereas, the atomic force microscopy (AFM) was performed using a NT-MDT multimode AFM (Russia) controlled by a solver scanning probe microscope controller. The instrument consists of a single beam cantilever that has a resonance frequency between 240 and 255 kHz under semi-contact mode together with a corresponding spring constant of 11.5 N m À1 . The instrument contains NOVA soware which was used for image elucidation. A scanning area of 5 mm Â 5 mm was used during the AFM analysis.
2.3.5. Computational measurements. The quantum chemical calculations were performed using Gaussian 09 soware, as described previously in various papers in the literature. [28] [29] [30] [31] [32] The optimized structures of both the basic ligands were obtained using the B3LYP/6-31G (d) model of the DFT method. According to several highly cited papers, the value of energy of the highest occupied molecular orbital (E HOMO ) and the energy of the lowest unoccupied molecular orbital (E LUMO ) correspond to the ionization potential (I) and electron affinity (A) as shown by eqn (3) and (4) . Several quantum chemical calculation indices based on energies of frontier molecular orbitals (E HOMO and E LUMO ) were obtained using the following relationships:
In the previous equations, E HOMO and E LUMO represent energies of highest occupied molecular orbital and lowest unoccupied molecular orbital, respectively, I is the ionization potential, A is the electron affinity, DE is the energy band gap, h is the hardness, s is the soness, c is the global electronegativity, and DN is the fraction of electron transfer. A value of 7.0 eV was used for the c Fe , whereas h Fe was taken as 0 eV for bulk Fe atoms in accordance with the Pearson's electronegativity scale.
Results and discussion

Characterization of the inhibitors
The synthesis of GO and its functionalization with diaminopyridine (DAMP-GO) and diazopyridine (DAZP-GO) was conrmed using FT-IR. Fig. 1(a) shows the FT-IR spectra for GO Scheme 1 Synthesis of the inhibitors to be investigated. and DAMP-GO and DAZP-GO. For pure GO, the peaks at 3402, 1703, 1631, 1388, and 1048 cm À1 occur because of the n s (O-H), n s (C]O), n s (C]C), n b (O-H), n s (C-O) of the epoxides n s (C-O-C), respectively. 22, 24 The broad peak in the region centered at 3500 cm À1 to 3000 cm À1 in DAMP-GO and DAZP-GO composites conrms the presence of -OH and -NH groups. The presence of the benzene ring is conrmed by the peak between 1633 and 1499 cm À1 occurring because of the n s (C]C) in the benzene ring. In the DAZP-GO composites, the presence of the azo (-N] N-) group is conrmed by a peak at 1460 cm À1 which occurs because of the n s (N]N). 24, 25 In both DAMP-GO and DAZP-GO composites, the n s (C-N) peaks between 1277 and 1210 cm À1 are observed. Also, the band at 1055 cm À1 represents the C-O group. The breaking of the epoxy bonds because of the addition of alkali is conrmed by the n s (C-O) of the epoxides (C-O-C). 23 All these peaks and the other peaks in the region 800-650 cm À1 conrm the formation of the DAMP-GO and DAZP-GO composites. [22] [23] [24] XRD results likewise conrm the formation of GO and its functionalized composite with diaminopyridine (DAMP-GO) and diazopyridine (DAZP-GO). The acquired XRD patterns of GO and DAMP, DAZP functionalized GO are presented in the Fig. 1(b) . Diffraction peaks seen at a 2q value of 11.6 in the XRD pattern of GO arise because of the diffraction from the different oxygen containing functional group on the sides of the sheets. 22 Aer covalently bonding DAMP and DAZP with GO, the XRD peak of GO was observed to shi to the lower 2q value of 7.6 in the DAMP-GO and DAZP-GO. The decrease in the XRD pattern occurs because of the expansion in the interlayer spacing in the presence of a ligand (DAMP and DAZP) in the GO sheets. A similar shi in the XRD pattern has been observed. 22 The reduced intensity of peaks in pure GO and functionalized GO indicates that exfoliation occurs during the ultrasonic mixing.
The data obtained from Raman spectra shown in Fig. 1 (c) further support the formation of DAMP-GO and DAZP-GO. The Raman spectra of GO shows the presence of a G peak (sp 2 ) hybridized carbon atom at 1604 cm À1 and a D peak (sp 3 ) hybridized carbon atom at 1334 cm À1 . The functionalized GO shows shiing of these peaks which represents surface modi-cation by incorporation of ligands (DAZP and DAMP) and the ratio of the intensity of the D-Raman peak and the G-Raman peak (I D /I G ) ratio of DAMP-GO and DAZP-GO were found to be 0.98 and 0.96, respectively, which is smaller than that of GO ($0.99). These observations support a percentage increment in sp 2 carbon atoms in functionalized GOs which is caused by nucleophilic addition of the azo and amino groups of DAZP and DAMP to GO molecules and also supports the formation of covalent bonds. A similar explanation has been given for GO and functionalized GO by Gupta et al. 22, 24 and Singh et al. 33 The transmission electron microscopy (TEM) images shown in Fig. 1(d) were used to characterize the GO, DAMP-GO, and DAZP-GO. The TEM images of GO indicate that there is typically two to three layers of GO. Aer the functionalization with DAMP and DAZP ligands, the GO layers are stacked together to form a composite structure, and the surface becomes very rough which is shown in Fig. 1(d) (DAMP-GO and DAZP-GO). This crosslinking of GO layers resulting from functionalization by ligands has also been reported by Gupta et al. 22, 24 XPS was utilized to determine the binding energies of various functional groups in GO, DAMP-GO and DAZP-GO composites. The XPS pattern of GO, the core-level photoemission peaks [ Fig. 2(a and $534 eV, respectively. 22 The high-resolution C 1s XPS spectrum of the DAMP-GO composite shown in Fig. 2(d) is conveniently tted using ve components. The rst peak at 284.9 is ascribed to the C-C bond in graphene and its analogs. Likewise, the peaks at 285.4 and 286.0 arise from the C-N and -C]N bonds, respectively. Another peak at 286.6 represents the C-O bonds and the maximum binding energy peak at 287.5, occurs because of the carboxylic groups. In order to understand the chemical character of nitrogen (N) in the DAMP-GO, it is important to know the nature of the interaction between the GO sheet and the nitrogen containing functional group in DAMP-GO. Fig. 2(e) shows a high-resolution N 1s XPS spectrum, which was tted with three peaks. The lower segment at 399.3 is ascribed to the -C]N bond of diaminopyridine and a middle segment comprises of the peak at 400.2 and indicates the presence of the amine group. This peak conrms the graing of the amino group in DAMP with a GO skeleton. The third segment consists of the peak with the maximum binding energy at 401.03 and this occurs because of the protonated amino group in the DAMP-GO framework. 22 The XPS [ Fig. 2(f) ] of the DAZP-GO composite at $285, $401, and $534 eV emerges because of photoemission from the 1s orbital of C, N, and O, respectively. 24 The highly resolved C 1s XPS composite represented in Fig. 2(g) consists of four parts. The minima and the maxima at 284.8 and 288.0 occur because of the presence of the C-C bond and a carboxyl group in the Fig. 2(h) represents the high-resolution XPS originating from the 1s orbital of N. The peaks at 400.0 and 400.4 represent a composite band occurring because of the combined effect of C-N and the azo group in the DAZP-GO composite. 24 The previous facts conrm the formation of DAZP-GO and DAMP-GO composite structure obtained by interacting GO with DAZP and DAMP atoms as proposed schematically in Scheme 1.
The presence of a large number of epoxy and phenolic groups in the GO framework help in the interaction of aryl azo and amino cation with the GO and the formation of the C-N bond.
Corrosion inhibition studies
3.2.1. EIS study. Fig. 3(a and b ) and 4(a and b) represent the tted and observed Nyquist plots for uninhibited and inhibited mild steel specimens by DAMP-GO and DAZP-GO in 1 M HCl and the various EIS parameters such as solution resistance (R s ), charge transfer resistance (R ct ), phase shi (n), double and layer capacitance (C dl ) together with the percentage of inhibition performance (h%). The EIS parameters were derived using the equivalent circuit shown in Fig. 4(c) . It can be seen that the Nyquist plots represent a single semicircle whose diameter increases with increasing concentration of the DAMP-GO and DAZP-GO. This nding suggests that the metallic corrosion involves a single charge transfer process and the DAMP-GO and DAZP-GO inhibit corrosion by forming a protective lm at the metal surface. [34] [35] [36] [37] [38] [39] In acidic solution, rapid corrosion makes the metallic surface inhomogeneous, and therefore, in the present study constant phase element (CPE) has been used in the place of the pure capacitor. The impedance of the CPE can be represented as follows:
where Y 0 is the CPE constant, commonly known as admittance, u is the angular frequency, n is the phase shi, and j is the imaginary number. The value of n is a measure for surface roughness, in general, a lower value of n is associated with a higher surface roughness and vice versa. Careful observation of the results shown in Table 1 suggests that values of n are higher for inhibited metallic specimens (0.829 to 0.899) when compared to the uninhibited mild steel specimen and this suggests that mild steel surfaces are more smooth in the presence of DAMP-GO and DAZP-GO which is attributed to the formation of a protective lm by DAMP-GO and DAZP-GO. The double layer capacitance (C dl ) value was calculated using following equation:
where u max represents the frequency at which the imaginary part of the impedance is maximum (rad s À1 ). From the results shown in Table 1 it can be seen that values of R ct increase whereas values of C dl decrease with concentration which is attributed to the either successive replacement of water molecules from the metal surface and adsorption of DAMP-GO and DAZP-GO at the metal/electrolyte interfaces or because of the Table 2 . It can be seen from Fig. 5 that the shapes of the polarization curves are similar for inhibited and uninhibited metallic specimens indicating that both DAMP-GO and DAZP-GO inhibit corrosion simply by blocking the active sites located on the surface without affecting the mechanism of corrosion. 43, 44 Further, inspection of the results shown in Table  2 reveals that on increasing the concentrations of the inhibitors, values of corrosion current densities (i corr ) decreased, and the maximum decrease was observed at 25 mg L À1 concentration without causing any substantial change in the value of E corr indicating that both the inhibitors act as mixed types. However, in the presence of inhibitors, values of cathodic Tafel slopes (b c ) are relatively more affected when compared to the values of anodic Tafel slopes (b a ) indicating that both the investigated functionalized GOs act predominantly as a cathodic type. [34] [35] [36] 45 3.2.3. Surface study 3.2.3.1. SEM-EDX study. The SEM micrographs of the inhibited and uninhibited metallic specimens aer 3 h immersion time are shown in Fig. 6 . It can be seen that the surfaces of the inhibited specimens are smoother when compared to the uninhibited specimen. The corresponding EDX spectra of inhibited and uninhibited metallic specimens are shown in Fig. S1 (ESI) . † Careful inspection of the EDX spectra reveals that the spectrum of the uninhibited mild steel surface shows signals for the presence of C, O and Fe. However, the EDX spectra of inhibited mild steel specimens showed an additional signal for N indicating the presence of DAMP-GO and DAZP-GO on the surface which could be possible because of their adsorption on the metallic surface (Table 3) . 3.2.3.2. AFM analysis. Fig. 7 shows the AFM micrographs of corroded mild steel surfaces in the presence and absence of 25 mg L À1 concentrations of the DAMP-GO and DAZP-GO. The average surface roughness of the uninhibited metallic specimen was 394 nm. However, in the presence of DAMP-GO and DAZP-GO, the surface roughness was reduced to 146 nm and 84 nm, respectively. Increased surface smoothness for inhibited specimens suggested that the inhibitors had been adsorbed by the metallic surface.
3.2.3.3. XPS analysis aer inhibition. The XPS analysis aer inhibition was used to study the adsorption of inhibitors on mild steel specimens in the presence of 25 mg L À1 of inhibitor and the results of this are shown in Fig. 8(a)-(d) . The highresolution C 1s XPS spectrum of mild steel specimens with concentrations of 25 mg L À1 of DAZP-GO consists of four peaks as shown in Fig. 8(a) . The rst signal at a binding energy of 284.6 eV is assigned to the C-C of graphene and its analogs. The second signal at 285.3 eV is attributed to the carbon atom bonded to nitrogen in DAZP-GO. The third and fourth signal are attributed to the C-O bond of the hydroxyl group (C-OH) and the presence of carboxylic group at 286.4 eV and 288.6, respectively. 22, 24 The high-resolution N 1s XPS spectrum of mild steel specimens with concentrations of 25 mg L À1 of DAZP-GO consists of three peaks as shown in Fig. 8(b) . The rst signal shows a peak at 398.8 eV from the nitrogen atoms of the DAZP ring bonded with the steel surface (N-Fe). 46 The second signal at 399.7 eV in DAZP-GO results from the C-N bonds and unprotonated N atoms in DAZP-GO. The signal at 400.4 eV in DAZP-GO is from the protonated nitrogen atoms in the DAZP ring. 22 The O 1s XPS spectra for DAZP-GO adsorbed mild steel specimens tted the three signals as shown in Fig. 8(c 46 The high-resolution Fe 2p XPS spectrum of mild steel specimens with concentrations of 25 mg L À1 of DAZP consists of three peaks which are shown in Fig. 8(d) . The rst signal at 710.2 eV indicates the presence of Fe 3+ in ferric compounds such as Fe 2 O 3 and FeOOH. The second signal at 711.7 eV indicates the presence of a small concentration of FeCl 3 on the mild steel surface. The signal at a 713.6 eV indicates the presence of Fe(III). 46 The results obtained from XPS analysis support the adsorption of inhibitors on the mild steel surface.
3.2.4. Computational study. DFT is an important theoretical tool used to predict the inhibition efficiency of organic molecules and to correlate their molecular structure with efficiency. The optimized and frontier molecular orbital pictures of basic organic compounds of DAMP-GO (diaminopyridine) and DAZP-GO (diazopyridine) are shown in Fig. 9 and 10 . Generally, HOMO and LUMO represent the electron donating and electron accepting tendency of the molecule. A molecule with a high value of HOMO energy (E HOMO ) is consistent with a high electron donating ability to the appropriate acceptor molecule and vice versa. Conversely, a molecule with lower value LUMO energy (E LUMO ) is consistent with a high electron accepting ability from the appropriate donor molecule. It is well established that adsorption of organic inhibitors over a metallic surface involves donor-acceptor interaction. It is postulated that organic inhibitors donate their bonding and non-bonding electrons to the d-orbital of the surface Fe atoms during metal-inhibitor interactions. [47] [48] [49] However, metals are already electron rich species, and this type of electron donation causes inter- electronic repulsion, which further causes the transfer of an electron from metal to an anti-bonding molecular orbital of the inhibitor molecule. This type of electron transfer is known as retro-donation. Both donation and retro-donation occur simultaneously during metal-inhibitor interaction and strengthen each other through synergism. [50] [51] [52] [53] [54] [55] Therefore, an inhibitor with a higher value of E HOMO and a lower value of E LUMO favors strong adsorption and inhibition efficiency. The energy band gap is another reactivity parameter, which can be used to predict the chemical reactivity and adsorption tendency of the inhibitor molecule. Generally, a compound with a lower value of DE is associated with high chemical reactivity and thereby acts as an efficient corrosion inhibitor. In the present study, values of E HOMO , E LUMO and DE suggest that diazopyridine acts as a better corrosion inhibitor when compared to diaminopyridine and this agreed well with the experimental order of inhibition efficiency. 56, 57 A hard molecule has a lower chemical reactivity and therefore a lower inhibition efficiency. The values of hardness follow the order: diazopyridine (0.302 eV) < diaminopyridine (2.559 eV) indicating that diazopyridine is a soer molecule and acts as better inhibitor when compared to diaminopyridine. In contrast, a soer molecule is related to a high chemical reactivity, and therefore a compound with high soness is consistent with a high chemical reactivity and therefore a high inhibition efficiency. In the present case, the value of soness follows the order: diazopyridine (3.311) > diaminopyridine (0.391) which is in accordance with the order of inhibition efficiency obtained by experimental methods. Lastly, a higher value of electron transfer (DN) for diazopyridine (4.100) when compared to diaminopyridine (0.375) indicates that the former is a better corrosion inhibitor than the latter. In summary, it can be concluded that both experimental and theoretical methods showed that the inhibition efficiency of the tested compounds follows the order: DAMP-GO (diaminopyridine) < DAZP-GO (diazopyridine).
Conclusions
The present study involves the synthesis of two functionalized GOs. Namely, diazopyridine functionalized graphene oxide (DAZP-GO) and diaminopyridine functionalized graphene oxide (DAMP-GO) and their characterization using FT-IR, XRD, Raman, XPS and TEM methods. The inhibitive action of these functionalized GO was evaluated in 1 M HCl solution using several techniques. The following conclusions were drawn:
(1) Both the functionalized GO act as superior corrosion inhibitors and their inhibition efficiency increases with their concentrations. The maximum inhibition efficiencies of 95.06% and 96.73% were obtained for DAMP-GO and DAZP-GO, respectively, at a concentration as low as 25 mg L À1 .
(2) The EIS results showed that DAMP-GO and DAZP-GO inhibits corrosion by adsorption on the metallic surface, thus forming a protective barrier.
(3) The results of a potentiodynamic polarization study showed that both functionalized GOs acted as mixed type corrosion inhibitors.
(4) The results of the SEM and AFM studies suggest that surfaces of the inhibited metallic specimens become smoother when compared to the surface of the uninhibited metallic specimen which results in the adsorption and formation of the protective barrier by the functionalized GOs which protect the metal from corrosion. The formation of a protective lm was further supported by the results of the EDX spectroscopic analysis where signicant enhancement in the signal for nitrogen was observed with the inhibited metallic specimens.
(5) Adsorption of the tested functionalized GO on the metallic surface was further supported by the results of the XPS analysis.
(6) Experimental results were supported by DFT-based quantum chemical calculations. Several derived DFT-based parameters such as E HOMO , E LUMO , DE, c, s, h, and DN validated the experimentally determined order of inhibition efficiency.
